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Summary

The natural killer T (NKT) cell ligand «-galactosylceramide («w-GalCer) exhibits profound an-
titumor activities in vivo that resemble interleukin (IL)-12-mediated antitumor activities. Be-
cause of these similarities between the activities of a-GalCer and IL-12, we investigated the in-
volvement of IL-12 in the activation of NKT cells by a-GalCer. We first established, using
purified subsets of various lymphocyte populations, that «-GalCer selectively activates NKT
cells for production of interferon (IFN)-vy. Production of IFN-y by NKT cells in response to
a-GalCer required 1L-12 produced by dendritic cells (DCs) and direct contact between NKT
cells and DCs through CD40/CD40 ligand interactions. Moreover, a-GalCer strongly in-
duced the expression of 1L-12 receptor on NKT cells from wild-type but not CD1~/~ or
Val4=/~ mice. This effect of a-GalCer required the production of IFN-y by NKT cells and
production of IL-12 by DCs. Finally, we showed that treatment of mice with suboptimal doses
of a-GalCer together with suboptimal doses of IL-12 resulted in strongly enhanced natural
killing activity and IFN-y production. Collectively, these findings indicate an important role
for DC-produced IL-12 in the activation of NKT cells by a-GalCer and suggest that NKT
cells may be able to condition DCs for subsequent immune responses. Our results also suggest
a novel approach for immunotherapy of cancer.
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N atural Killer T (NKT)! cells represent a novel lym-
phoid lineage distinct from mainstream T cells, B
cells, and NK cells. NKT cells are characterized by the ex-
pression of an invariant TCR encoded by Va14 and Ja281
gene segments and VB8, 7, or 2 gene segments (1, 2). It
was demonstrated recently that NKT cells are strongly
stimulated by the glycolipid a-galactosylceramide («-Gal-

I Abbreviations used in this paper: a-GalCer, «-galactosylceramide; DC, den-
dritic cell; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NKT,
natural killer T; RT, reverse transcription.
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Cer), a potent inducer of antitumor immunity in mice
(3-5). Recognition of a-GalCer by NKT cells appeared to
depend on the interaction of the invariant TCR of these
cells with a-GalCer presented by the nonclassical MHC
molecule CD1d on APCs (6). Stimulation of NKT cells by
a-GalCer resulted in the production of large amounts of
IFN-v and some IL-4, and the development of a cytotoxic
phenotype (7).

The in vivo antitumor activity of a-GalCer strongly re-
sembles the antitumor activity mediated by the cytokine
IL-12 (8, 9). Moreover, both «-GalCer and IL-12 are

J. Exp. Med. O The Rockefeller University Press « 0022-1007/99/04/1121/07 $2.00

Volume 189, Number 7, April 5, 1999 1121-1127

http://www.jem.org



strong inducers of NKT cell activity and exert their antitu-
mor activities through activation of these cells (8, 9). Be-
cause of these striking similarities between a-GalCer and
IL-12 for activation of NKT cells, we decided to investi-
gate whether a-GalCer activation of NKT cells involves
regulation by IL-12. First, we demonstrated that NKT cells
are the main, if not the only, target for activation by a-Gal-
Cer in spleen cell populations of mice. Second, we showed
that endogenous 1L-12 produced by dendritic cells (DCs) is
critically important for the activation of NKT cells by
a-GalCer and that the interaction between DCs and NKT
cells involves CD40 and its ligand. Third, a-GalCer in-
duced the expression of IL-12R on NKT cells, which re-
quired the production of IFN-y by NKT cells. Fourth,
a-GalCer acted synergistically with IL-12 in the activation
of natural killing activity and IFN-y production in vivo.
Collectively, these findings indicate that a-GalCer exerts
its function through IL-12 and suggest a novel approach
for therapeutic intervention in cancer and other disease
Processes.

Materials and Methods

Mice. C57BL/6 mice were purchased from Charles River Ja-
pan. Vald NKT cell-deficient (Ja281~/~) and CD1d~/~ mice
were established by specific deletion of the Ja281 and CD1d
gene segment, respectively (3, 10). All mice used in this study
were at 5-8 wk of age and were maintained in specific pathogen—
free conditions.

a-GalCer.  «a-GalCer [(2S,3S,4R)-1-O-(«-d-galactopyran-
osyl)-2-(N-hexacosanoylamino)-1,3,4-octadecanetriol] used for
this study was provided by Dr. Y. Koezuka (Kirin Brewery Co.,
Ltd., Gunma, Japan [4, 5]). The stock solution of «-GalCer (220
rg/ml) was diluted in 0.5% polysorbate 20 (Nikko Chemical) in
0.9% NaCl solution. This stock solution was further diluted into
an appropriate concentration with saline and used for the experi-
ments. A vehicle control solution was prepared from a solution of
0.5% polysorbate 20 in 0.9% NacCl solution. The vehicle control
was used in all experiments.

Isolation of Lymphoid Cell Subsets by FACS®.  Spleen cells were
incubated on nylon wool columns for 45 min, and the nonadher-
ent cells were used for the isolation of NKT cells, NK cells,
CDA4+* T cells, and CD8* T cells by cell sorting using a FACS
Vantage™ instrument (Becton Dickinson). All mAbs used in
these experiments (mAbs against NK1.1, CD4, CD8, and TCR-
o/B) were purchased from PharMingen. Unless noted otherwise,
NK1.1*TCR-a/B* cells were used as purified NKT cells. The
stained cells were isolated using the FACS Vantage™. The purity
of the sorted cells was >98%. The details of the staining and sort-
ing have been described previously (11).

Coculture of DCs and NKT Cells. DCs were prepared accord-
ing to the method of Steinman et al. (12) with some modifica-
tions. In brief, spleen cells were incubated in 10-cm plastic dishes
(Falcon; Becton Dickinson) for 2 h, and the nonadherent cells
were removed from the culture. The adherent cells were further
incubated overnight and the nonadherent cells were harvested.
Then, CD11c*B220-CD4-CD8~ cells were isolated from the
nonadherent populations by cell sorting and used as the source
of DCs. Generally, DCs (10%) were cocultured with purified
NKL.1*TCR-a/B* NKT cells (2 X 10%) in the presence of 50
ng/ml of a-GalCer in 96-well U-bottomed plates (Costar
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Corp.). After incubation for 36 h, the culture supernatants were
harvested to detect cytokine levels.

Detection of Cytokine Activity. 1L-4 or IFN-+ activity in cul-
ture supernatants was determined using the Biotrac™ mouse 1L-4
or Biotrac™ mouse IFN-vy ELISA system (Nycomed Amersham
plc). Serum samples were obtained from C57BL/6 mice 24 h af-
ter injection of «-GalCer (200 ng/mouse) and/or IL-12 (200
U/mouse; donated by Genetics Institute, Inc., Cambridge, MA),
and cytokine levels were measured using ELISA kits (Nycomed
Amersham plc). IL-12 p70 activity in culture supernatants was
measured using Intertest-12X™ ELISA kits (Genzyme Corp.).

Cytotoxicity Assay. The natural killing activity of spleen cells
was determined by 4-h 5Cr-release assays using YAC-1 cells as
target. 1 lytic unit (LU) was defined as the number of effector
cells required to cause 25% lysis of 2,500 target cells as described
previously (13).

Measurement of the Synergistic Effect of a-GalCer and IL-12 In Vivo.
Wild-type C57BL/6 mice received an injection of a-GalCer (200
ng/mouse i.v.), and 6 h later mice were injected with recombinant
IL-12 (200 U/mouse i.p.) or saline. 1 d after treatment with IL-12,
IFN-vy production in the serum and NK activity of spleen cells
were determined. Control mice were treated with vehicle only.

Quantitative Reverse Transcription PCR Assay for IL-12R mRNA
Measurement. C57BL/6, CD1d~/—, and Val4 NKT cell-defi-
cient mice were injected with a-GalCer (2 wg/mouse i.v.) or ve-
hicle. At different time points (0-6 h) after treatment, mice were
killed and spleen cells were isolated. TagMan™ real-time quantita-
tive reverse transcription (RT)-PCR assay was carried out for the
detection of IL-12R mRNA expression by these cells according
to published methods (14). In brief, total RNA extracts from the
cells were added to the master mixture. To detect the amount of
the IL-12R mRNA RT-PCR amplificon, target (IL-12RB1,
IL-12RB2) and control (glyceraldehyde 3-phosphate dehydroge-
nase [GAPDHY]) hybridization probes were mixed with target and
control PCR primers, respectively. This mixture was transferred
to a set of thermocycler tubes and transcribed at 42°C for 30 min,
followed by 40 cycles of amplification at 95°C for 15 s and 60°C
for 1.5 min, and analyzed using an ABI PRISM 7700 sequence
detector (Applied Biosystems). IL-12RB1 and IL-12RB32 mRNA
expression were estimated from the ratio of fluorescence intensity
to GAPDH. IL-12R expression induced by «-GalCer is indi-
cated in the figures as induction index, calculated as follows: in-
duction index = IL-12R expression of a-GalCer—stimulated
sample/IL-12R expression of unstimulated sample.

TagMan™ probes used for these analyses are as follows:
IL-12RB1 mRNA-605T, 5'-CGGATGCCCACAACGAAT-
TGGA-3'; IL-12RB2 mMRNA-551T, 5'-AGCCACCTCAAAA-
CATATCATGTGTCCAGG-3'; GAPDH-542T, 5'-CCTGGC-
CAAGGTCATCCATGACAACTTT-3'.

PCR primers used for these analyses are as follows: 1L-1231
mRNA, forward primer (-563F) 5'-AATGTGTCTGAAGAGGC-
CGGT-3' and reverse primer (-657R) 5'-GAGTTAACCTGAG-
GTCCGCAGT-3'; IL-12RB2 mRNA, forward primer (-529F)
5'-ATCTCAGTTGGTGTTGCTCCA-3’ and reverse primer
(-602R) 5'-GCCACAGTTCCATTTTCTCCT-3'; GAPDH, for-
ward primer (-368F) 5'-CTTCACCACCATGGAGAAGGC-3’
and reverse primer (-605R) 5'-GGCATGGACTGTGGTCAT-
GAG-3'.

Blocking of IL-12R Induction by Anti—-IFN-y mAb.  Wild-type
C57BL/6 mice were injected with 500 g i.p. anti-IFN-y mAb
(R4-6A2; PharMingen) or IL-12 (C15.1 and C15.6, donated by
Dr. G. Trinchieri, Wistar Institute of Anatomy and Biology,
Philadelphia, PA) at 0 and 1 d before priming with «-GalCer. As a
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control, the same amount of rat 1IgG1 (PharMingen) was injected
intraperitoneally into control mice before injection of a-GalCer.

Results

a-GalCer Selectively Activates NK1.1*TCR-a/B" NKT
Cells. To provide direct evidence that NKT cells are the
only target cells for activation by a-GalCer, various lym-
phoid subsets were isolated from mouse spleen cell suspen-
sions by flow cytometry and cocultured with DCs in the
presence of a-GalCer. After 36 h of culture, the superna-
tants were harvested and their IL-4 and IFN-y contents
were measured by ELISA. Fig. 1 shows that purified
NKZ1.1* T cells produce higher levels of IL-4 and IFN-y
than unfractionated spleen cells. The IFN-y produced in
these cultures was not derived from classical NK cells, be-
cause enrichment of NK1.1*TCR-o/B~ NK cells showed
no significant cytokine production. In contrast, NK1.1*
TCR-a/B™ cells, which represent the NKT cell popula-
tion, revealed markedly high levels of IL-4 and IFN-y pro-
duction. Although CD4* T cells produced higher levels of
cytokines compared with unfractionated spleen cells, this
appeared to be due to the presence of CD4*NK1.1* NKT
cells, because CD4+*NK1.1~ cells produced neither IL-4
nor IFN-vy in response to a-GalCer. Culture of NK1.1*
TCR-a/B* NKT cells alone or with DCs in the absence
of «-GalCer caused no significant production of IFN-y or
IL-4, indicating that DCs are essential for the stimulation of
cytokine production by NKT cells.
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Figure 1. «-GalCer selectively activates NK1.1*TCR-a/B* NKT
cells. Spleen cells from C57BL/6 mice were separated into a variety of
lymphoid cell subsets by cell sorting as described in Materials and Meth-
ods. Their responsiveness to a-GalCer in the presence of DCs was then
determined by measuring IL-4 (M) and IFN-vy (@) levels in the culture
supernatants using ELISA. As a control, NK1.1"TCR-a/B " NKT cells
were cultured alone or with DCs in the absence of a-GalCer. The bars
represent mean = SE of triplicate samples.
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Endogenous 1L-12 Production by DCs Is Essential for the
Triggering of NKT Cells.  Fig. 2 A shows that coculture of
DCs and NKT cells in the presence of a-GalCer results in
high levels of IFN-y production. However, addition of
anti—-1L-12 mAb into these cultures caused a marked inhi-
bition of IFN-y production. Such inhibition was not ob-
served when control anti-CD8 rat 1IgG mAb was added.
Therefore, these results indicated that endogenously pro-
duced IL-12 by DCs was essential for the early activation of
NKT cells by a-GalCer. The effect of mAbs against CD40
and CD40L on the activation of NKT cells by «-GalCer
was also investigated (Fig. 2 B). Both anti-CD40 mAb and
anti-CD40L mAb greatly inhibited the production of IFN-y
by NKT cells in response to a-GalCer. These findings sug-
gested that direct contact between DCs and NKT cells
through CD40/CD40L interactions is critically important
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Figure 2. Endogenously produced IL-12 and CD40/CD40L interac-
tion during coculture of DCs and NKT cells is essential for NKT cell ac-
tivation by a-GalCer. Purified NKT cells were cocultured with DCs in
the presence of a-GalCer for 36 h. The IFN-y levels in culture superna-
tants were then determined by ELISA. (A) The ability of anti-IL-12 mAb
to block NKT cell activation by a-GalCer. Anti-CD8 mAb was used as
control rat 1IgG Ab. (B) The ability of anti-CD40 mAb and anti-CD40L
mADb to block NKT cell activation by a-GalCer. As a control, rat anti-
CD8 IgG mAb was added to the culture. (C) IL-12 production by DCs
cultured with a-GalCer and NKT cells. DCs (5 X 10°) were activated
with 50 ng/ml of «-GalCer for 8 h in the presence or absence of
NK1.1*TCR-a/B~ NK cells (10%) or NKL.1TTCR-a/B* NKT cells
(10%). The bars represent mean =+ SE of triplicate samples.



for the activation of NKT cells by a-GalCer. To study the
requirements for IL-12 production by DCs in these cul-
tures in further detail, 1L-12 p70 activity in culture super-
natants was measured by ELISA. As shown in Fig. 2 C,
DCs produced IL-12 p70 when cultured with NKT cells
and a-GalCer. However, DCs did not produce IL-12 p70
when cultured with «-GalCer alone or when cultured
with a-GalCer and NK (NK1.1*TCR-a/B") cells.

a-GalCer Induces IL-12R Expression on NKT Cells.  The
effect of a-GalCer on the induction of IL-12R mRNA ex-
pression in spleen cells was examined by RT-PCR. As
shown in Fig. 3, intravenous injection of a-GalCer into
C57BL/6 mice caused the induction of mRNA for both
IL-12RB1 and IL-12RB2 in spleen cells within 4 h. This
upregulation of IL-12R was strongly blocked by adminis-
tration of anti—IL-12 mAb or anti—-IFN-y mAb before in-
jection of a-GalCer (Fig. 4). Moreover, the IL-12R induc-
tion by a-GalCer was almost completely abolished in both
CD1d~/~ and Val4 NKT cell-deficient mice (Fig. 5, A
and B). Thus, these results suggested that CD1d-dependent
a-GalCer—induced IFN-y production by NKT cells may
be critically important for the upregulation of IL-12R on
NKT cells. To provide direct evidence for this hypothesis,
we measured the expression of IL-12R on purified NKT
cells that were previously activated in the presence of DCs
and a-GalCer, either in vitro or in vivo. Fig. 5 C shows
that in vitro activation of spleen cells by DCs plus a-Gal-
Cer strongly induced the expression of IL-12R on NKT
cells. Similar findings were made when mice were injected
in vivo with a-GalCer (Fig. 5 D).

a-GalCer Synergistically Acts with Exogenously Administered
IL-12 in the Activation of Natural Killing Activity and IFN-y
Production In Vivo. C57BL/6 mice were injected intrave-
nously with a-GalCer, and their splenic natural killing ac-
tivity against YAC-1 cells was determined 24 h later. As
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Figure 3. Upregulation of IL-12R expression in the spleen upon in

vivo administration of a-GalCer. C57BL/6 mice were injected intrave-
nously with «-GalCer. Various times (0, 2, 4, and 6 h) after the treat-
ment, spleen cells were prepared and their expression of IL-12RB31 (@)
and I1L-12RB2 (O) mRNA was measured by quantitative RT-PCR. The
IL-12R mRNA levels are represented as an induction index, as described
in Materials and Methods. The bars represent mean = SE of triplicate
samples.
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Figure 4. Role of IL-12 and IFN-v in the induction of IL-12R ex-
pression in the spleen. C57BL/6 mice were injected intravenously with
«-GalCer. 4 h after the injection, spleen cells were prepared and their ex-
pression of IL-12RB1 (&) and IL-12RB32 (M) mRNA was measured by
quantitative RT-PCR. The IL-12R mRNA levels are presented as an in-
duction index, as described in Materials and Methods. The blocking ef-
fect of anti-IL-12 mAb and anti-IFN-y mAb was determined by injec-
tion of these mAbs (500 wg/mouse i.p.) into the mice 1 and 0 d before
the treatment with a-GalCer. The bars represent mean + SE of triplicate
samples.

shown in Fig. 6 A, a suboptimal dose of neither a-GalCer
nor IL-12 was able to activate natural killing activity in
vivo. However, combined administration of a-GalCer and
IL-12 at a suboptimal dose caused a marked augmentation
of natural killing.

A similar synergistic effect of a-GalCer and 1L-12 was
demonstrated for the elevation of serum IFN-y produc-
tion. As shown in Fig. 6 B, the administration of «-GalCer
plus IL-12 resulted in a strong enhancement of serum IFN-y
levels in C57BL/6 mice compared with mice treated with
a-GalCer or IL-12 only.

Discussion

The finding that NKT cells recognize a-GalCer pre-
sented by DCs in a CD1d-dependent manner represents a
novel recognition mechanism in the immune system (15).
NKT cells, which can produce both IFN-y and 1L-4 (16,
17), play an important role in immunoregulation and have
been considered to play a central role as innate effector cells
involved in both the protection and the onset of immune
diseases (18). The NKT cell ligand a-GalCer has a strong
immunopotentiating effect in vivo, and this chemical me-
diates strong antitumor activity (3-5, 9). Therefore, it is
important to dissect the mechanism by which a-GalCer
activates NKT cells.

The previous finding (3) that NKT-deficient mice did
not respond to a-GalCer strongly suggested that NKT cells
may be the primary target cells to a-GalCer. However, it

Immunopotentiating Mechanisms of NKT Cell Ligand a-GalCer
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Figure 5. «-GalCer induces IL-12R expression on NKT cells.
C57BL/6 wild-type mice, CD1d~/~ mice, and NKT-deficient mice
were injected intravenously with vehicle () or «-GalCer (H). 4 h after
the injection, spleen cells were prepared and their expression of IL-
12RB1 (A) and IL-12RB2 (B) mMRNA was measured by quantitative
RT-PCR. (C) Spleen cells from wild-type mice were cultured with DCs
plus a-GalCer or vehicle for 8 h, NK1.1*TCR-a/B* NKT cells were
purified by cell sorting, and the expression of IL-12RB1 (&@) and IL-
12R32 (M) was examined by quantitative RT-PCR. (D) Wild-type mice
were injected intravenously with «-GalCer or vehicle; after 6 h the
spleens from these mice were isolated, and NK1.1*TCR-a/B* NKT
cells were purified by cell sorting, and expression of IL-12RB1 (Z) and
IL-12RB32 (M) was examined by quantitative RT-PCR. The IL-12R
mRNA levels are presented as an induction index, as described in Materi-
als and Methods. The bars represent mean = SE of triplicate samples.

still remained unclear whether only NKT cells responded
to a-GalCer. To answer this question, we used highly puri-
fied splenic NK cells, NKT cells, CD4* T cells, and CD8*
T cells and determined their responsiveness to a-GalCer in
the presence of DCs. The data illustrated in Fig. 1 clearly
demonstrate that NKT cells are the only cells that respond
to a-GalCer (3). It is surprising that neither classical NK
cells nor mainstream CD4* T cells or CD8* T cells re-
vealed a significant response to a-GalCer even in the pres-
ence of DCs. Together with previous findings (3), the
present data indicate that a-GalCer selectively stimulates
NKT cells in the presence of DCs.

Recently, the mechanisms of activation of naive CD4*
T cells through interaction with DCs have been examined
(12, 19-22). Cell—cell adhesion between CD4* T cells and
DCs through CD40/CD40L and B7.1/CD28 resulted in
the activation of both DCs and T cells, which triggered the
production of IL-12 by DCs and IFN-y by Th1 cells (12,
19, 20, 23-25). Such conditioned DCs were able to prime
cytotoxic T cells (22, 26, 27). This recognition system has
resemblance to that discussed here. As shown in Fig. 2,
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Figure 6. Synergistic effect of a-GalCer and IL-12 in vivo. C57BL/6
mice were injected with a suboptimal dose of a-GalCer (200 ng/mouse
i.v.) and 6 h later, mice were injected with a suboptimal dose of IL-12
(200 U/mouse i.p.). 1 d after the treatment with IL-12, the mice were
killed and splenic natural killing activity (A) and serum IFN-vy levels (B)
were determined as described in Materials and Methods. The bars repre-
sent mean = SE of triplicate samples.

IL-12 production by DCs appears to be essential for NKT
cell activation by a-GalCer, because neutralization of en-
dogenously produced 1L-12 by anti-IL-12 mAb caused a
strong inhibition of IFN-y production by NKT cells. The
important role of CD40/CD40L for the production of
IFN-vy in the cocultures of DCs and NKT cells with
a-GalCer is also apparent from these experiments (Fig. 2
B). As demonstrated in Fig. 2 C, DCs produce IL-12 only
when they are cultured with «-GalCer in the presence of
NKT cells, indicating that direct contact between o-Gal-
Cer-bound DCs and NKT cells may be essential for 1L-12
production by DCs. This interaction may be required for
the production of IFN-y by IL-12-activated NKT cells,
because mAbs directed against CD40/CD40L greatly in-
hibited IFN-y production by NKT cells (Fig. 2). These
findings indicate that the interaction of NKT cells with
DCs may be very similar to the interaction of helper T cells
with DCs (22, 26, 27). Since the interactions between DCs
and NKT cells occur very quickly after administration of
a-GalCer, NKT cells may be able to condition DCs very
early in an immune response, and affect subsequent adap-
tive responses.

In this paper, we also demonstrate that a-GalCer upreg-
ulates IL-12R expression in vivo (Fig. 3). IL-12R upregu-
lation is blocked by mAbs against IL-12 or IFN-y and is
absent in CD1d~/~ and NKT-deficient mice (Figs. 4 and
5). Moreover, activation of NKT cells in vitro and in vivo
results in a strong induction of IL-12RB31 and IL-12R[2
on these cells (Fig. 5, C and D). Therefore, we speculate
that the following series of events is induced upon culture
of a-GalCer with DCs and NKT cells: (a) a-GalCer first
binds to CD1d molecules on DCs; (b) NKT cells recognize
a-GalCer-bound DCs via their TCRs and also interact
with DCs via CD40/CD40L; () during this interaction,
DCs produce 1L-12; (d) the endogenously produced 1L-12
stimulates IFN-vy production by NKT cells; and () IFN-y
produced by NKT cells upregulates IL-12R on NKT cells
in an autocrine manner. The dramatic synergistic effect of



suboptimal «-GalCer and exogenously administered 1L-12
indicates that expression of IL-12RB1 and B2, detected by
quantitative RT-PCR, is functionally upregulated in vivo.
Moreover, since this synergistic effect of a-GalCer and IL-
12 was not demonstrated in NKT-deficient mice, we con-
clude that in wild-type mice coadministration of a-GalCer
and IL-12 leads to upregulation of IL-12R on CD1-depen-
dent NKT cells.

Both «-GalCer and IL-12 have been demonstrated to
exhibit potent antitumor activity in vivo. IL-12 has multi-
ple effects on the immune system that are beneficial for the
induction of antitumor immunity in vivo (28-30). How-
ever, the unexpected severe side effects of IL-12 have made
it difficult to use this cytokine in clinical trials (31). We
demonstrated that a-GalCer synergistically acts with small
doses of IL-12 in vivo to activate NKT cells and to induce
IFN-vy production (Fig. 6). These findings suggest that

coadministration of a-GalCer with 1L-12 could be used as
a new approach for tumor immunotherapy.

Recent studies have demonstrated that Thl immunity reg-
ulated by IL-12 and IFN-+y plays a critical role in the induc-
tion of protective immunity against tumors and infectious
agents (32, 33). Although NKT cells are involved in both
Th1 and Th2 immunity through IFN-y or IL-4 production,
the immunomaodulating protocol using «-GalCer and IL-12
preferentially induces NKT cells that produce large amounts
of IFN-y (34). These NKT cells may facilitate the develop-
ment of Th1l-dominant cellular immunity essential for the in-
duction of protective immunity against tumors and some in-
fectious agents. Recently, it was demonstrated that a-GalCer
can stimulate human NKT cells in a CD1d-dependent man-
ner (35, 36), indicating that our proposed immunotherapy
protocol using a-GalCer and 1L-12 will be useful for the ap-
plication to human immune diseases, including cancer.

We would like to thank Dr. S.H. Herrmann and Dr. M. Kobayashi (Genetics Institute, Inc.) for their kind
gift of IL-12. We also thank Dr. G. Trinchieri for his kind gift of anti-IL-12 mAbs, and Dr. Y. Koezuka for
providing «-GalCer.

This work was supported in part by a Grant-in-Aid from The Science Frontier Program and a Grant-in-Aid
for Scientific Research on Priority Areas, both from the Ministry of Education, Science, Sports and Culture,
a Grant-in-Aid from the Ministry of Health and Welfare for Cancer Control, and a Grant-in-Aid for the
IL-12 Project of Tokai University School of Medicine.

Address correspondence to Takashi Nishimura, Section of Genetic Engineering, Research Center for Ge-
netic Engineering and Cell Transplantation, Department of Immunology, Tokai University School of
Medicine, Bohseidai, Isehara 259-1193, Japan. Phone: 81-463-93-1121; Fax: 81-463-96-5438; E-mail:

tak24@is.icc.u-tokai.ac.jp

Received for publication 9 November 1998 and in revised form 21 January 1999.

References

1. Koseki, H., K. Imai, F. Nakayama, T. Sado, K. Moriwaki,
and M. Taniguchi. 1990. Homogenous junctional sequence
of the Val4+ T-cell antigen receptor « chain expanded in
unprimed mice. Proc. Natl. Acad. Sci. USA. 87:5248-5252.

2. Fowlkes, B.J., A.M. Kruisbeek, H. Ton-That, M.A. Weston,
J.E. Coligan, R.H. Schwartz, and D.M. Pardoll. 1987. A
novel population of T-cell receptor o-bearing thymocytes
which predominantly express a single VB gene family. Na-
ture. 329:251-254.

3. Kawano, T., J. Cui, Y. Koezuka, I. Toura, Y. Kaneko, K.
Motoki, H. Ueno, R. Nakagawa, H. Sato, E. Kondo, H.
Koseki, and M. Taniguchi. 1997. CD1d-restricted and
TCR-mediated activation of Val4 NKT cells by glycosyl-
ceramides. Science. 278:1626—-1629.

4. Kobayashi, E., K. Motoki, T. Uchida, H. Fukushima, and Y.
Koezuka. 1995. KRN7000, a novel immunomodulator, and
its antitumor activities. Oncol. Res. 7:529-534.

5. Kazuhiko, M., K. Maeda, H. Ueno, E. Kobayashi, T.
Uchida, H. Fukushima, and Y. Koezuka. 1996. Antitumor
activities of combined treatment with a novel immunomod-
ulator, (2S,3S,4R)-1-O-(«-d-galactopyranosyl)-2-(N-hexa-
cosanoylamino)-1,3,4-octadecanetriol (KRN7000), and ra-

diotherapy in tumor-bearing mice. Oncol. Res. 8:155-162.
6. Bendelac, A., M.N. Rivera, S.H. Park, and J.H. Roark.

1997. Mouse CD1-specific NK1 T cells: development, spec-

ificity, and function. Annu. Rev. Immunol. 15:535-562.

7. Burdin, N., L. Brossay, Y. Koezuka, S.T. Smiley, M.J.
Grusby, M. Gui, M. Taniguchi, K. Hayakawa, and M. Kronen-
berg. 1998. Selective ability of mouse CD1 to present gly-
colipids: «-galactosylceramide specifically stimulates Voa14+*
NK T lymphocytes. J. Immunol. 161:3271-3281.

8. Cui, J., S. Tahiro, T. Kawano, H. Sato, E. Kondo, I. Toura,
Y. Kaneko, H. Koseki, M. Kanno, and M. Taniguchi. 1997.
Requirement for Val14 NKT cells in IL-12-mediated rejec-
tion of tumors. Science. 278:1623-1626.

9. Kawano, T., J. Cui, Y. Koezuka, I. Toura, Y. Kaneko, H.
Sato, E. Kondo, M. Harada, H. Koseki, T. Nakayama, et al.
1998. Natural Killer-like nonspecific tumor cell lysis medi-
ated by specific ligand-activated Va14 NKT cells. Proc. Natl.
Acad. Sci. USA. 95:5690-5693.

10. Mendiratta, S.K., W.D. Martin, S. Hong, A. Boesteanu, S.
Joyce, and L. Van Kaer. 1997. CD1d mutant mice are defi-
cient in natural T cells that promptly produce IL-4. Immu-
nity. 6:469-477.

1126 Immunopotentiating Mechanisms of NKT Cell Ligand a-GalCer



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Nishimura, T., K. Santa, T. Yahata, N. Sato, A. Ohta, Y.
Ohmi, T. Sato, K. Hozumi, and S. Habu. 1997. Involvement
of IL-4-producing Vp8.2+ CD4* CD62L~ CD45RB~ T
cells in non-MHC gene-controlled predisposition toward
skewing into T helper type-2 immunity in BALB/c mice. J.
Immunol. 158:5698-5706.

Steinman, R.M., G. Kaplan, M.D. Witmer, and Z.A. Cohn.
1979. Identification of a novel cell type in peripheral lym-
phoid organs of mice. V. Purification of spleen dendritic
cells, new surface markers, and maintenance in vitro. J. Exp.
Med. 149:1-16.

Sato, N., T. Yahata, K. Santa, A. Ohta, Y. Ohmi, S. Habu,
and T. Nishimura. 1996. Functional characterization of
NK1.1* Ly-6C™ cells. Immunol. Lett. 54:5-9.

Heid, C.A., J. Stevens, K.J. Livak, and P.M. Williams. 1996.
Real time quantitative PCR. Genome Res. 6:986-994.
Porcelli, S.A., B.W. Segelke, M. Sugita, I.A. Wilson, and
M.B. Brenner. 1998. The CD1 family of lipid antigen-pre-
senting molecules. Immunol. Today. 19:362—-368.

Arase, H., N. Arase, and T. Saito. 1996. Interferon ~ produc-
tion by natural killer (NK) cells and NK1.1* T cells upon
NKR-P1 cross-linking. J. Exp. Med. 183:2391-2396.
Yoshimoto, T., and W.E. Paul. 1994. CD4*, NK1.1* T cells
promptly produce interleukin 4 in response to in vivo chal-
lenge with anti-CD3. J. Exp. Med. 179:1285-1295.
Yoshimoto, T., A. Bendelac, C. Watoson, J. Hu-Li, and
W.E. Paul. 1995. Role of NK1.1* T cells in a Th2 response
and in immunoglobulin E production. Science. 270:1845—
1847.

Nussenzweig, M.C., and R.M. Steinman. 1980. Contribu-
tion of dendritic cells to stimulation of the murine syngeneic
mixed leukocyte reaction. J. Exp. Med. 151:1196-1212.
Inaba, K., A. Granelli-Piperno, and R.M. Steinman. 1983.
Dendritic cells induce T lymphocytes to release B cell-stimu-
lating factors by an interleukin 2—dependent mechanism. J.
Exp. Med. 158:2040-2057.

Banchereau, J., and R.M. Steinman. 1998. Dendritic cells
and the control of immunity. Nature. 392:245-252.

Ridge, J.P., F. Di Rosa, and P. Matzinger. 1998. A condi-
tioned dendritic cell can be a temporal bridge between a
CDA4* T-helper and a T-killer cell. Nature. 393:474-478.
Yoshimoto, T., H. Nagase, T. Ishida, J. Inoue, and H. Nari-
uchi. 1997. Induction of interleukin-12 p40 transcript by
CDA0 ligation via activation of nuclear factor-«B. Eur. J. Im-
munol. 27:3461-3470.

Maruo, S., M. Oh-hora, H.J. Ahn, S. Ono, M. Wysocka, Y.
Kaneko, H. Yagita, K. Okumura, H. Kikutani, T. Kishi-
moto, et al. 1997. B cells regulate CD40 ligand-induced 1L-12
production in antigen-presenting cells (APC) during T cell/
APC interactions. J. Immunol. 158:120-126.

1127 Kitamura et al.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Kawamura, T., K. Takeda, S.K. Mendiratta, H. Kawamura,
L. Van Kaer, H. Yagita, T. Abo, and K. Okumura. 1998.
Critical role of NK1* T cells in IL-12-induced immune re-
sponses in vivo. J. Immunol. 160:16-19.

Bennett, S.R., F.R. Carbone, F. Karamalis, R.A. Flavell, J.F.
Miller, and W.R. Heath. 1998. Help for cytotoxic-T-cell re-
sponses is mediated by CD40 signalling. Nature. 4:478-480.
Schoenberger, S.P., R.E. Toes, E.I. van der Voort, R. Of-
fringa, and C.J. Melief. 1998. T-cell help for cytotoxic T
lymphocytes is mediated by CD40-CDA40L interactions. Na-
ture. 4:480-483.

Trinchieri, G. 1994. Interleukin-12: a cytokine produced by
antigen-presenting cells with immunoregulatory functions in
the generation of T-helper cells type 1 and cytotoxic lym-
phocytes. Blood. 84:4008-4027.

Hashimoto, W., K. Takada, R. Anzai, K. Ogasawara, H.
Sakihara, K. Sugiura, S. Seki, and K. Kumagai. 1995. Cyto-
toxic NK1.1 Ag™ ap T cells with intermediate TCR in-
duced in the liver of mice by IL-12. J. Immunol. 154:4333-
4340.

Yahata, T., K. Ando, K. Watanabe, T. Mori, A. Ohta, Y.
Ohmi, K. Iwakabe, S. Kuge, M. Nakui, M. Ito, et al. 1998.
Reconstitution of immune systems in RAG2~/~ mice by
transfer with interleukin-12-induced splenic hematopoietic
progenitor cells. Immunol. Lett. 62:165-170.

Ryffel, B. 1997. Interleukin-12: role of interferon-v in IL-12
adverse effects. Clin. Immunol. Immunopathol. 83:18-20.
Nishimura, T., K. Watanabe, T. Yahata, L. Ushaku, K.
Ando, M. Kimura, I. Saiki, T. Uede, and S. Habu. 1996. Ap-
plication of interleukin 12 to antitumor cytokine and gene
therapy. Cancer Chemother. Pharmacol. 38:27-34.

Afonso, L.C., T.M. Scharton, L.Q. Vieira, M. Wysocka, G.
Trinchieri, and P. Scott. 1994. The adjuvant effect of inter-
leukin-12 in a vaccine against Leishmania major. Science. 263:
235-237.

Leite-De-Moraes, M.C., G. Moreau, A. Arnould, F.
Machavoine, C. Garcia, M. Papiernik, and M. Dy. 1998.
IL-4-producing NK T cells are biased towards IFN-+v pro-
duction by IL-12. Influence of the microenvironment on the
functional capacities of NK T cells. Eur. J. Immunol. 28:
1507-1515.

Brossay, L., M. Chioda, N. Burdin, Y. Koezuka, G. Casorad,
P. Dellabona, and M. Kronenberg. 1998. CD1d-mediated
recognition of an «-galactosylceramide by natural killer T
cells is highly conserved through mammalian evolution. J.
Exp. Med. 188:1521-1528.

Spada, F.M., Y. Koezuka, and S.A. Porcelli. 1998. CD1d-
restricted recognition of synthetic glycolipid antigens by hu-
man natural killer T cells. J. Exp. Med. 188:1529-1534.



